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An increase in the apparent molecular weight of the principal outer membrane
protein (POMP) of Neisseria gonorrhoeae is associated with introduction of the
penB2 genetic marker, which results in low-level, relatively nonspecific antibiotic
resistance. Limited proteolysis of the two forms of POMP showed that they had
few if any peptides in common. The nonspecific antibiotic resistance of penB2
was separated from the change in POMP by genetic transformation and by
isolation of spontaneous penB mutants that showed no change in POMP. The
genetic locus involved in the change from one POMP to another, which we have
designated nmp-1, is closely linked to, but not identical with, penB2.
The outer membrane of the gonococcus is
typical of that of other gram-negative bacteria
in that it contains only a few proteins. A single
species, the principal outer membrane protein
(POMP), predominates, and its apparent molec-
ular weight varies from strain to strain (11).
These differences in POMP affect the serotype
of the organism (12), and there has been much
interest in determining how the differences af-
fect the structure and function ofthe outer mem-
brane. Previous work with strains isolated in our
laboratory showed that an increase in apparent
molecular weight of POMP is associated with a
multiply drug-resistant phenotype. Transfer of
the penB2 genetic marker by transformation
from a drug-resistant donor to a wild-type recip-
ient is accompanied by an increase in the appar-
ent molecular weight of the POMP from 36,500
to 39,000 (7). The penB2 mutation causes a two-
to fourfold increase in levels of resistance to
penicillin, chloramphenicol, and tetracycline
(22). One hypothesis for the mechanism of an-
tibiotic resistance due to the penB2 mutation
was that the altered POMP affected the config-
uration of permeability channels in the outer
membrane, so that the permeability of the mem-
brane to a number of substances was changed
(7). Outer membrane proteins have been shown
to be involved in the formation of such perme-
ability channels in several gram-negative orga-
nisms (8, 18), although there is no direct evi-
dence that this is the case in the gonococcus.
In this paper we report further studies on the
relationship between nonspecific antibiotic re-
sistance due to mutation at penB and the alter-
ation in POMP. We found that penB2 was very
closely linked to, but not identical with, a locus
that affects POMP. This new locus, which we
have designated nmp-1, is probably either the
structural gene for POMP or a regulatory gene
affecting expression of structural genes for
POMP.
MATERLS AND METHODS
Strains used. The strains used in these studies
have been described previously (17, 19, 22), and are
listed in Table 1. Growth conditions, media, and pro-
cedures for antibiotic sensitivity testing and genetic
transformation were as previously described (19).
Transforming DNA was prepared as described by
Cannon and Bott (1). In some experiments, DNA was
sheared by rapid passage 10 times through a 27-gauge
needle. Competent cells were incubated with different
dilutions of DNA to determine the saturating concen-
tration of DNA. Only those transformants resulting
from incubation with nonsaturating concentrations of
DNA were screened for unselected genetic markers.
Selection of spc-3 transformants was made on agar
plates containing 200 ug of spectinomycin (Spc) per
ml; penB transformants were selected on plates con-
taining 0.25 to 0.30 ug of penicillin G (Pen) per ml.
Isolation of outer membranes. Procedures for
cell lysis in a French pressure cell, isolation of a crude
membrane fraction, and purification of outer mem-
branes by Sarkosyl (Geigy Chemicals) extraction have
been described previously (7).
Protein determination. Protein concentration
was determined by the method of Lowry et al. (16),
using bovine serum albumin as a standard.
SDS-PAGE. Sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) was done by
the method of Shapiro et al. (21) or the method of
Laemmli (14), in 1-mm-thick gel slabs, in the appara-
tus described by Studier (23). The ratio of acrylamide
to bisacrylamide was 30:0.8 (wt/wt). Outer mem-
branes, or whole cells scraped from an agar plate, were
solubilized by boiling for 5 min in 2% SDS-10% glyc-
erol-5% 2-mercaptoethanol-0.0625 M Tris-hydrochlo-
ride (pH 6.8) (Laemmli system) or in 2% SDS-5 mM
847
J. BACTERIOL.848 CANNON ET AL.
TABLE 1. Strains of N. gonorrhoeae used
MIC of Apparent
Strain Genotype penicillin mol wt of Origin
FA19 Wild type 0.007 36.5 A. Reyn (17)
FA48 penA2 mtr-2 str- 7 tet-2 chl-2 0.8 39.0 UV-induced two-step mutant from
penB2 nmp-1I FA19 (17)
FA136 penA2 mtr-2 0.25 36.5 Transformant; FA48 x FA19 (22)
FA140 penA2 mtr-2penB2 nmp-1 0.8 39.0 Transformant; FA48 x FA136 (22)
FA192 spc-3penA2 mtr-2d 0.25 36.5 Spcr transformant of FA136 (22)
FA198 spc-3penA2 mtr-2penB2 nmp-1 0.8 39.0 Spcr transformant of FA140 (22)
FA795 spc-3penA2 mtr-2penB3 0.8 36.5 Spontaneous Penr mutant of FA192
(this study)
FA796 spc-3penA2 mtr-2 penB4 0.8 36.5 Spontaneous Penr mutant of FA192
(this study)
aMinimum inhibitory concentration (MIC) was determined as described in reference 17.
b Apparent molecular weight was determined by using the SDS-PAGE system of Shapiro et al. (21).
c Mutation at penA causes low-level resistance to penicillin G (Pen); mtr is a locus for low-level nonspecific
drug resistance, penB is a locus for low-level resistance to penicillin and tetracycline (22). The other antibiotic
resistance loci of strain FA48 are not relevant to this study.
d spc is a locus for spectinomycin (Spc) resistance (19).
disodium EDTA-0.1% 2-mercaptoethanol-0.01 M
NaPO4 (pH 7.2) (Shapiro system). Gels were stained
by the method of Fairbanks et al. (5). Apparent mo-
lecular weight of proteins was determined by SDS-
PAGE. A protein with an apparent molecular weight
of 39,000 is referred to as 39K.
Isolation of POMP. POMP was isolated by pre-
parative SDS-PAGE. Outer membranes were boiled
for 5 min in 2% SDS-10% glycerol-0.01 mM p-mercu-
ribenzoate (Sigma)-0.0625 M Tris-hydrochloride (pH
6.8). A sample containing 8 to 10 mg of protein was
loaded onto a 15% acrylamide-0.4% (wt/vol) bisacryl-
amide gel, with a 4% stacking gel (6 mm by 12 cm by
16 cm), in an E-C model 470 vertical electrophoresis
apparatus (E-C Apparatus Corp.), using the buffers of
Laemmli (14). Electrophoresis was carried out for 16
to 20 h at 125 V (constant voltage) at 4°C. At the end
of electrophoresis, the gel was frozen in a bath of
ethanol-dry ice, and strips were cut from each side of
the gel and from the center. The strips were stained
and used to locate the POMP in the gel slab. POMP
was eluted from the unstained gel by homogenizing
the appropriate fragments with a small volume of 0.1%
SDS until they would pass through a 22-gauge needle,
degassing the slurry in a vacuum flask, and pouring it
into a small column. Four column volumes of 0.1%
SDS were passed over the column in 2 to 3 h. The
protein solution was filtered through a 0.4-,um Nucde-
pore filter (General Electric) and concentrated by
lyophilization.
Limited proteolysis. POMP was precipitated with
trichloroacetic acid, suspended to a concentration of
1 mg/ml in buffer containing 0.5% SDS, and digested
with Staphylococcus aureus V8 protease (Miles) or
chymotrypsin (Miles) at 37°C by the method of Cleve-
land et al. (4). The peptide pattern was analyzed on a
15% acrylamide gel (14).
RESULTS AND DISCUSSION
We wished to determine whether the POMP
with increased apparent molecular weight from
the penB2 transformants was a precursor or
modified form of the 36.5K POMP of the wild-
type organism. The differences in apparent mo-
lecular weight of the two proteins do not neces-
sarily reflect actual differences in their size, since
it is known that factors other than molecular
weight can influence the migration of proteins
during SDS-PAGE (20). POMP was isolated
from purified outer membranes by preparative
SDS-PAGE. We had some difficulties in isolat-
ing undegraded POMP by this method, which
were overcome by solubilization of membranes
in the absence of reducing agent and in the
presence of p-chloromercuribenzoate (data not
shown). One explanation for these observations
is that there is a protease with an essential
sulfhydryl group in the preparations of gonococ-
cal outer membranes which can digest POMP
during the isolation procedure. We do not know
whether this possible proteolytic activity is re-
lated to any of the gonococcal peptidases de-
scribed by Chen and Buchanan (3).
The POMP was isolated from strain FA19
(antibiotic-susceptible, 36.5K POMP) and from
FA140 (a penB2 transformant of FA19 with a
39K POMP and no detectable 36.5K POMP),
and the two proteins were compared by partial
enzymatic cleavage in the presence of SDS and
by analysis of the cleavage products by gel elec-
trophoresis (4). The relative electrophoretic mo-
bility of the two proteins did not differ as much
on the electrophoresis system of Laemmli (14),
used in these experiments, as on the system of
Shapiro et al. (21), which was used previously in
this laboratory for determinations of apparent
molecular weights of the two proteins (7). The
two proteins, which migrated with apparent mo-
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lecular weights of 36.5K and 39K in the Shapiro
system, gave apparent molecular weights of 35K
and 36K, respectively, on 15% acrylamide gels in
the Laemmli buffer system. Figure 1 shows the
pattern of peptides generated by digestion of
two independent preparations of POMP from
FA19 and one preparation from FA140 with S.
aureus V8 protease. The peptides produced by
the two preparations from strain FA19 were
identical, even though one preparation was
slightly contaminated with another protein
(channel B). Digestion ofthe POMPs from FA19
and FA140 either with S. aureus V8 protease for
different time intervals (Fig. 1) or with different
amounts of chymotrypsin (Fig. 2) showed that
they had few if any peptides in common. Al-
though the peptides that can be resolved on a
one-dimensional gel represent partial cleavage
products, the observation that such different
patterns of peptides are generated by digestion
with enzymes with different specificities suggests
that these proteins are structurally dissimilar,
and that the protein from thepenB transformant
(FA140) is a different polypeptide from that of
the wild-type strain (FA19). Therefore, intro-
duction of the penB2 marker by transformation
was accompanied by a change from one POMP
in the outer membrane to a different one.
Genetic analysis was used to determine
whether the POMP change and increase in an-
tibiotic resistance of the penB2 transformants
were the result of a single genetic alteration.
Previous experiments had indicated that the two
phenotypes were the result of either a single
mutation or two very closely linked mutations,
since each of lOpenB2 transfornants tested had
lost the 36.5K POMP and acquired the 39K
POMP (7). A genetic transfornation was carried
out with strain FA198 (spc-3 penA2 mtr-2
penB2, POMP39K) as the donor and strain FA136
(penA2 mtr-2, POMP36.5K) as the recipient.
Sheared DNA was used to maximize the prob-
ability of separating closely linked genetic
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FIG. 2. Limited proteolysis products of digestion
of POMP from strains FA19 and FA140 with chy-
motrypsin. POMP (1 mg/ml) was incubated for 30
min with concentrations ofprotease as indicated. (A,
C, E, G, I) Digestion ofPOMP from FA19 with final
concentrations of 0, 3, 6, 12, and 25 jig, respectively, of
enzyme per ml. (B, D, F, H, J) Digestion of POMP
from FA140 with 0, 3, 6, 12, and 25 pg, respectively, of
enzyme per ml. Molecular weight standards (MW):
bovine serum albumin (67,000); ovalbumin (45,000);
lysozyme (14,300); RNase A (13,700).





FIG. 1. Limitedproteolysis products ofdigestion ofPOMP from strains FA19 and FA140 with S. aureus V8
protease. POMP (1 mg/ml) was digested with protease at a concentration of 35 pg/ml. (A, D, G, J, M)
Digestion ofPOMP from FA19 for 0, 15, 30, 60, or 90 min, respectively. (B, E, H, K, N) Digestion of a different
preparation ofPOMP from FA19 for the same lengths of time, respectively. (C, F, I, L, 0) Digestion ofPOMP
from FA140 for the same lengths of time, respectively.
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markers. Transformants that acquired the
penB2 marker were selected with 0.25 ,ug of
penicillin per ml; all transformants also had in-
creased resistance to tetracycline (Tet), charac-
teristic ofthepenB2 phenotype (22). Transform-
ants were scored for POMP type by SDS-PAGE
of lysates of whole cells, using the system of
Shapiro et al. (21). Of 85 Penr Tetr (penB2)
transformants, 83 had the 39K POMP (donor
type), and two had the 36.5K POMP (recipient
type). Since it was possible to recover transform-
ants that were antibiotic resistant but retained
the recipient-type POMP, the two characteris-
tics cannot be the result of a single mutation.
The two genetic loci involved are very close
together on the gonococcal chromosome, with a
cotransfornation frequency of 0.98.
The separation ofpenB antibiotic resistance
and the POMP change was confirmed by the
isolation of spontaneous penB antibiotic resist-
ance mutations that had no effect on the appar-
ent molecular weight of POMP. The parent
strain was FA192 (spc-3 penA2 mtr-2, POMP
36.5K). Mutants were selected for a twofold in-
crease in level of penicillin resistance and oc-
curred with a frequency of 4 x 10-10. Each of
nine penicillin-resistant mutants showed the si-
multaneous increase in level of resistance to
tetracycline that is characteristic of the penB
phenotype (22). Two of these mutants, FA795
and FA796, were crossed by transformation with
apenB+ strain (FA136), with selection made for
the spc-3 donor marker. The cotransfonnation
frequency between spc-3 and the unselected do-
nor Penr Tetr marker was 0.31 (33/108) for
FA795 and 0.33 (48/145) for FA796, which is
approximately the expected cotransformation
frequency for penB mutations (22). FA795 and
FA796 were then crossed with FA140, which
contains the well-characterized penB2 marker.
No penB+ (Pen8) recombinants were found
among Spcr transformants when either FA795
(0/232), FA796 (0/274), or FA198, which con-
tains the penB2 marker(0/263), was the donor.
Thus, both FA795 and FA796 appeared to con-
tain penB mutations, which we designated
penB3 (FA795) and penB4 (FA796). Neither
FA795 nor FA796 showed any difference in
POMP apparent molecular weight from the par-
ent strain on either the Shapiro or Laemmli gel
system (data not shown), confirming that the
penB mutation occurred at a genetic locus dis-
tinct from the one responsible for the change
from the 36.5K POMP to the 39K POMP. We
do not know what biochemical alteration does
result from mutation at penB.
We propose the designation nmp-1 (new mem-
brane protein) for the genetic locus involved in
the replacement of the 36.5K POMP with the
39K POMP in the outer membrane. (This ge-
netic locus was referred to as ompA in a prelim-
inary communication [2], but we believe that
the present nomenclature avoids possible con-
fusion with the ompA genetic locus of Esche-
richia coli.) Accordingly, the genotypes of
strains FA48, FA140, and FA198 have been des-
ignated nmp-1, in addition to the previously
described genetic markers ofthese strains (Table
1). The nmp-1 locus may be the structural gene
for the POMP. Alternatively, nmp-I may have
a role in regulating either the synthesis of the
POMP or its insertion into the outer membrane.
According to this model the genome of the
gonococcus would contain separate genes for the
36.5K and 39K POMPs, and the nmp-1 locus
would affect either the activity of those genes or
the processing of their protein products. Wild-
type cells would contain a gene for the 39K
POMP, but it would not be expressed until
switched on by mutation at nmp-1. Such "silent"
genes for membrane proteins have been shown
to exist in E. coli (6, 9, 24). The mutation nmp-
1 may represent a secondary mutation that acts
to overcome a selective disadvantage conferred
on the cell by mutation at penB. Further work
is needed to distinguish between these possibil-
ities.
The separation of the penB2 and nmp-l ge-
netic markers, as well as the results of earlier
experiments, casts some doubt on the origin of
the multiply antibiotic-resistant strain that was
the original donor of these genetic markers. Pre-
vious work showed that this strain, FA48, differs
from its putative parent strain, FA19, by at least
six mutations, which arose after only two expo-
sures to UV light (17, 22). We have now shown
that FA48 also differs from FA19 at the nmp-l
locus. The number of differences seems too great
to have occurred in only two rounds ofmutagen-
esis and selection. It is possible that the starting
culture of FA19 was a mixture of two strains,
and that the selection procedure selected out a
strain that was already present in the clinical
isolate, rather than inducing or selecting a mu-
tant derived from FA19. Doubts about the par-
entage of strain FA48 do not affect the validity
of previously reported results on the effects of
addition of single genetic loci on the level of
antibiotic resistance, or on the biochemistry of
the cell envelope, since all of these studies were
done on isogenic transformants derived from
strain FA48 (7, 22). These doubts also do not
affect the identification of nmp-1 as a genetic
locus that is closely linked to, but distinct from,
the penB2 antibiotic resistance marker.
It has been suggested by several investigators
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that the proteins of the outer membrane may be
important determinants of virulence of the gon-
ococcus (10, 13, 15). It seems important to de-
termine the structural basis and functional sig-
nificance of the differences in POMP that occur
in different strains. A better understanding of
the organization and regulation of the genes for
outer membrane proteins should help in iden-
tifying the roles of these components in the
infection process.
ACKNOWLEDGMENTS
We thank L Guymon for helpful discussions and sugges-
tions, and M. Esser for technical assistance.
This work was supported by Public Health Service grant
AI-15036 to P.F.S. and fellowship AI-05853 to J.G.C., both
from the National Institute of Allergy and Infectious Diseases.
LITERATURE CITED
1. Cannon, J. G., and K. F. Bott 1979. Spectinomycin-
resistant mutants of Bacillus subtilis with altered spor-
ulation properties. Mol. Gen. Genet. 174:149-162.
2. Cannon, J. G., D. G. Klapper, E. Blackman, and P. F.
Sparling. 1980. Genetic locus affecting the principal
outer membrane protein of Neisseria gonorrhoeae, p.
1229-1231. In J. D. Nelson and C. Grassi (ed.), Current
chemotherapy and infectious disease, voL 2. American
Society for Microbiology, Washington, D.C.
3. Chen, K. C. S., and T. M. Buchanan. 1978. Gonococcal
hydrolases: gonocosin, aminopeptidase-P, proline imi-
nopeptidase, and asparaginase, p. 30-34. In G. Brooks,
E. Gotschlich, K. Holmes, W. Sawyer, and F. Young
(ed.), Immunobiology of Neisseria gonorrhoeae. Amer-
ican Society for Microbiology, Washington, D.C.
4. Cleveland, D. W., S. G. Fischer, M. W. Kirschner,
and U. K. Laemmli. 1977. Peptide mapping by limited
proteolysis in sodium dodecyl sulfate and analysis by
gel electrophoresis. J. Biol. Chem. 252:1102-1106.
5. Fairbanks, G., T. L. Steck, and D. F. H. Wallace. 1971.
Electrophoretic analysis of the major polypeptides of
the human erythrocyte membrane. Biochemistry 10:
2606-2617.
6. Foulds, J., and T.-J. Chai. 1978. Chromosomal location
of a gene (nmpA) involved in expression of a major
outer membrane protein in Escherichia coli. J. Bacte-
riol. 136:501-506.
7. Guymon, L F., D. L Walstad, and P. F. Sparling.
1978. Cell envelope alterations in antibiotic-sensitive
and -resistant strains of Neisseria gonorrhoeae. J. Bac-
teriol. 136:391-401.
8. Hancock, R., and H. Nikaido. 1978. Outer membranes
of gram-negative bacteria. XIX. Isolation from Pseu-
domonas aeruginosa PAO1 and use in reconstitution
and definition of the permeability barrier. J. Bacteriol.
136:381-390.
9. Henning, U., W. Schmidmayr, and I. Hindennach.
1977. Major proteins of the outer cell envelope mem-
brane of Escherichia coli K-12: multiple species of
protein I. Mol. Gen. Genet. 154:293-298.
10. Hildebrandt, J. F., L W. Mayer, S. P. Wang, and T.
M. Buchanan. 1978. Neisseria gonorrhoeae acquire a
new principal outer membrane protein when trans-
formed to resistance to serum bactericidal activity. In-
fect. Immun. 20:267-273.
11. Johnston, K. H., and E. C. Gotschlich. 1974. Isolation
and characterization of the outer membrane of Neis-
seria gonorrhoeae. J. Bacteriol. 119:250-257.
12. Johnston, K. H., K. K. Holmes, and E. C. Gotschlich.
1976. The serological classification of Neisseria gonor-
rhoeae. I. Isolation of the outer membrane complex
responsible for serotypic specificity. J. Exp. Med. 143:
741-758.
13. King, G. J., and J. Swanson. 1978. Studies on gonococ-
cus infection. XV. Identification of surface proteins of
Neisseria gonorrhoeae correlated with leukocyte asso-
ciation. Infect. Immun. 21:575-584.
14. Laemmli, U. K. 1970. Cleavage of structural proteins
during the assembly of the head of bacteriophage T4.
Nature (London) 227:680-685.
15. Lambden, P. R., J. E. Heckels, L T. James, and P. J.
Watt. 1979. Variations in surface protein composition
associated with virulence properties in opacity types of
Neisseriagonorrhoeae. J. Gen. Microbiol. 114:305-312.
16. Lowry, O. H., N. J. Rosebrough, A. L. Farr, and R. J.
Randall. 1951. Protein measurement with the Folin
phenol reagent. J. Biol. Chem. 193:265-275.
17. Maness, M. J., and P. F. Sparling. 1973. Multiple anti-
biotic resistance due to a single mutation in Neisseria
gonorrhoeae. J. Infect. Dis. 128:321-330.
18. Nakae, T. 1976. Identification of the outer membrane
protein of E. coli that produces transmembrane chan-
nels in reconstituted vesicle membranes. Biochem. Bio-
phys. Res. Commun. 71:877-884.
19. Sarubbi, F. A., Jr., E. Blackman, and P. F. Sparling.
1974. Genetic mapping of linked antibiotic resistance
loci in Neisseria gonorrhoeae. J. Bacteriol. 120:1284-
1292.
20. Schnaitman, C. 1974. Outer membrane proteins in Esch-
erichia coli. III. Evidence that the major protein of E.
coli 0111 outer membrane consists of four distinct
polypeptide species. J. Bacteriol. 118:442-453.
21. Shapiro, A. L., E. Vinuela, and J. V. Maizel, Jr. 1967.
Molecular weight estimation of polypeptide chains by
electrophoresis in SDS-polyacrylamide gels. Biochem.
Biophys. Res. Commun. 28:815-820.
22. Sparling, P. F., F. A. Sarubbi, Jr., and E. Blackman.
1975. Inheritance of low-level resistance to penicillin,
tetracycline, and chloramphenicol in Neisseria gonor-
rhoeae. J. Bacteriol. 124:740-749.
23. Studier, F. 1973. Analysis of bacteriophage T7 early
ribonucleic acids and proteins on slab gels. J. Mol. Biol.
79:237-248.
24. van Alphen, W., N. Van Selm, and B. Lugtenberg.
1978. Involvement of proteins b and e in the functioning
of pores for nucleotides. Mol. Gen. Genet. 150:103-105.
VOL. 143, 1980
